Objective: Graves' ophthalmopathy (GO), resulting from the inflammation of retro-orbital tissue, is one of the major complications of Graves' disease (GD). We investigated the clinical usefulness of the measurement of retinal blood flow (RBF) in the evaluation of GO and its activity. Measurement: RBF was quantitated by pulsed Doppler mode at just below the branch of central retinal artery, from which the resistance index (RI) was calculated. Patients: Forty-seven euthyroid GD patients and 70 gender-and age-matched normal controls were measured for RI to investigate the effect of GO on RBF. To investigate the effect of hyperthyroidism, 20 GD patients were measured for RI changes during antithyroid drug (ATD) therapy. Furthermore, 17 GD patients with clinically overt GO were measured for RI changes during treatment with glucocorticoid plus retro-orbital radiation. Results: RI and exophthalmos showed a significant positive correlation in 47 treated euthyroid GD patients without clinically overt GO (r 0X307Y P , 0X05Y but not in 70 age-and sex-matched normal subjects r 0X185Y P 0X161X Furthermore, RI, but not exophthalmos, significantly correlated with serum TSH receptor antibodies, an indicator for the disease activity of GO. ATD therapy significantly reduced RI in GD patients from 0X719^0X041 in the hyperthyroid state to 0X661^0X051 in the euthyroid state, but not to the levels observed in normal subjects having the similar exophthalmos 0X640^0X049X The fractional reduction of RI during ATD therapy significantly correlated with those of pulse pressure and ultrasonographic distensibility in carotid artery, but not with those of serum vascular injury markers. In 17 GD patients with clinically overt GO, all four patients having adipose tissue enlargement but not extraocular muscle hypertrophy (inactive GO) showed RI within the mean^1 S.D. for treated GD patients without GO. In the other 13 GD patients having extraocular muscle hypertrophy (active GO), four and eight patients showed RI outside mean^2 S.D. and mean^1 S.D. respectively. Treatment with glucocorticoid plus radiation moved RI in 8 out of 10 patients toward the mean values of GD patients without GO, in spite of little improvement of exophthalmos. Conclusions: It was suggested that GD patients showed altered retinal hemodynamics, possibly resulting either from the cardiovascular effect of hyperthyroidism or from retro-orbital inflammation, particularly in extraocular muscle.
Introduction
Graves' ophthalmopathy (GO), resulting from the inflammation of retro-orbital tissue, is the most common cause of exophthalmos (1±4). There is usually a close temporal relation between the onset of hyperthyroidism and GO (5) , but GO can develop before and long after the onset of hyperthyroidism (6) . Therefore, detecting its occurrence and activity in an early stage is important for its treatment (7) . Although magnetic resonance imaging (MRI) is clinically useful for this purpose (8, 9) , enormous medical costs discourage its use for patients with Graves' disease (GD).
The recent development of color Doppler ultrasound imaging of the ophthalmic vasculature allows easy examination of the pulsatile blood velocity in the central retinal artery and has therefore been used in the investigation of various vascular ophthalmic disorders (10, 11) . The inflammatory changes in orbital fat, extraocular muscles and optic nerve in GO (12, 13) , in addition to vascular endothelial injury observed in the hyperthyroid state (14) , should induce hemodynamic alterations in retinal vessels (15) . Furthermore, the distensibility of the walls of the carotid artery can be also determined as stiffness b by echo-tracking sonography (16) . A variety of serum vascular injury markers are elevated in GD patients (17±19), particularly in those having GO, suggesting vascular endothelial injury in retinal vessels in GD patients (18, 19) . Furthermore, the cardiovascular effects of hyperthyroidism, characterized by an increase of cardiac output with a widened pulse pressure, should affect hemodynamic changes in retinal vessels (2) along with large vessels, such as the carotid artery.
This prompted us to determine the influence of exophthalmos and thyroid status on retinal blood flow (RBF). Furthermore, the correlation of the changes of RBF during antithyroid drug (ATD) therapy with those of hemodynamics and of serum vascular injury markers was examined to evaluate the clinical usefulness of RBF measurement for the detection of clinically active GO.
Patients and methods

Patients
GD patients n 84 and normal controls n 70 were enrolled in this study during a 20-month period from July 1996 to March 1998 after written informed consent was obtained from each patient. The diagnosis of GD was established by the presence of symptoms and signs of hyperthyroidism, a diffuse goiter, elevated serum levels of free thyroxine (FT 4 ) and free triiodothyronine (FT 3 ) with thyroid-stimulating hormone (TSH) levels below lower normal limit and with increased thyroid uptake of 123 iodine before initiating ATD treatment. Thyroid radionuclide scans showed a diffuse pattern of radioiodine uptake. GD patients were divided into two major groups: those with and without clinically overt GO. Patients were considered to have clinically overt GO when one or more signs of infiltrative ophthalmopathy, including lid signs of retraction or lag, inflamed extraocular muscles, diplopia and chemosis were present on examination. GD patients with GO underwent MRI to discriminate between those with muscle enlargement and with excess adipose tissue. To determine the influence of exophthalmos on RBF separately from the hyperdynamic state resulting from hyperthyroidism, we studied 47 GD patients without clinically overt GO, who had been maintained in an euthyroid state for at least 3 months by taking ,5 mg/day methimazole or 50 mg/day propylthiouracil. As controls, 70 sex-and age-matched normal subjects were enrolled. These controls were in euthyroid states and had negative tests for TSH receptor antibody (TRAb), thyroglobulin hemagglutination assay (TGHA) and microsome hemagglutination assay (MCHA).
To determine the influence of hyperthyroidism on RBF along with proptosis, 20 hyperthyroid GD patients without clinically overt GO were examined before and at least 3 months after normalization of thyroid function by ATD treatment.
GD patients with clinically overt GO n 17 were measured for their RBF along with proptosis before and after three cycles of intravenous pulse therapy each consisting of 3000 mg of methylprednisolone and 10 doses of 2 Gy orbital irradiation over 2 weeks to a total of 20 Gy.
To avoid confusion by other factors known to affect the retinal circulation, GD patients and normal controls with a history of orbital diseases were excluded. Furthermore: (i) hypertensive patients; (ii) patients taking medication known to affect hemodynamics; (iii) arteriosclerotic patients aged $60 years or having atherosclerotic changes in the carotid arteries detected by high-resolution B-mode ultrasonography; (iv) smokers; (v) patients with major non-thyroidal illness; and (vi), patients having ocular disease that is known to affect RBF by raising intraocular pressure, such as primary retinal disease, vasculitis, vitreous disease, iritis, hyperopic patients, were excluded from this study for the same reason.
Serum parameters
Blood was drawn just before the ultrasound study after overnight fasting. FT 3 , FT 4 , and TSH levels were measured using commercially available kits (OrthoClinical Diagnostics, Amersham, UK) (21) . TGHA and MCHA were also performed using commercially available kits (Fuji Rebio Co., Tokyo, Japan). TRAb was measured by a radioreceptor assay using a commercial kit (Baxter, Tokyo, Japan) (22) . As serum vascular injury markers, serum levels of thrombomodulin, coagulation factor VIII, and von Willebrand factor were determined. Serum thrombomodulin was determined by a one-step sandwich enzyme immunoassay, the sensitivity of which is 1 mg/l for soluble thrombomodulin as previously described (23, 24) . Coagulation factor VIII was measured using a chromogenic substrate method for photometric determination of prothrombin time as described previously (25) . Von Willebrand factor was measured as described previously (26, 27) .
Exophthalmos
Exophthalmos was measured by means of a Hertel's exophthalmometer (Handaya Co. Ltd, Tokyo, Japan) by the same examiner (M I) in all cases. Hertel exophthalmometer permits measurement of the distance between the lateral angle of the bony orbit and an imaginary perpendicular line tangent to the most anterior part of the cornea.
Duplex Doppler sonography
Ultrasound examinations were performed in left eyes as reported previously (10) . Briefly, images were obtained with a duplex Doppler apparatus (Aloka SSD 2000, Aloka, Tokyo, Japan) with a 5 MHz convex array probe in both the color Doppler and pulsed Doppler mode. The peak systolic flow velocity (PSV), the end-diastolic flow velocity (EDV), and the time-averaged flow velocity (TAV) were automatically calculated by the ultrasound apparatus ( Fig. 1) . The resistance index (RI), a measure of the peripheral resistance to flow in arteries (11, 28) , was determined as follows: RI PSV 2 EDVaPSVX All measurements were performed by the same examiner (Y K) who was unaware of subject characteristics. Because coefficient of the between day variation of RI determined from ten normal controls was only 2X572
X14%Y the RI value was highly reproducible and thus reliable, as previously reported (10, 11) .
Stiffness b (ultrasonographic measurements of arterial distensibility)
Vessel diameter and pulsatile diameter changes were measured by means of echo-tracking sonography (10, 28±30) by the same examiner (Y K). We used a recently developed ultrasound echo-tracking instrument interfaced with a real-time ultrasound scanner and fitted with a 3.5-and 5-MHz linear array transducer (Aloka SSD 610, Aloka Co. Ltd, Tokyo, Japan) that is capable of detecting vessel wall movements of ,10 mm at the level of bifurcation in the common carotid artery (16, 31, 32) . This technique has recently been used to evaluate stiffness in the common carotid artery and the abdominal aorta in healthy men and women of different ages (33±35). Details of the study technique have been described previously (36, 37) . The distensibility of the arterial walls was expressed as stiffness b (16), which was calculated as follows: stiffness b InPsaPd Â DdaDs 2 DdY where Ps and Pd denote the maximal systolic and end-diastolic blood pressures, expressed in mmHg respectively. Ds and Dd are the systolic and diastolic inner diameters (mm) of the artery, respectively. Each subject was examined three times in the right common carotid artery with calculation of stiffness from the corresponding diameter, pulsatile diameter changes, and blood pressures obtained by the auscultatory method, as previously reported (29) .
MRI
MRI with a 1.5 T superconductive magnetic unit (SMT-150X) was performed in the 20 untreated GD patients as previously reported (8) . The pulse sequence was T1-weighted spin echo (500±650/20 ms), and the technical parameters for imaging included two excitations, a 15 cm field of view, a 192 Â 256 matrix and a 5 mm section thickness. Muscle changes were evaluated by using coronal section at 908 from the right or left optic nerve. The degree of muscle swelling was expressed as a ratio of the maximal muscle thickness to the diameter of the ipsilateral optic nerve to minimize the interindividual difference in muscle thickness (normal ratio ,1.0), as previously described (8) .
Statistical analysis
Data are expressed as means^S.D. unless otherwise indicated. Statistical analyses of RI values between GD patients without GO and normal controls were performed by using one-way analysis of variance (ANOVA) and multiple comparison (Scheffe's F type) for the assessment of mean. The changes of RI values by ATD treatment were compared with the two-tailed Student's t-test for paired data.
Results
RI values in the central retinal artery in euthyroid GD patients and normal controls and its correlation with exophthalmos and serum TRAb
As shown in Table 1 , the difference in RI in the central retinal artery was measured in 47 GD patients (M/F, 2/ 45) maintained in a euthyroid state by ATD treatment and the 70 normal controls (M/F, 6/64). GD patients and normal subjects were matched by gender, age, and blood pressure. Furthermore, there was no significant difference in serum FT 3 , FT 4 , or TSH between GD patients and normal subjects. Mean values of proptosis were significantly greater in euthyroid GD patients 17X0^2X8 mm than in normal subjects (14X82 .2 mm, P , 0X0001), consistent with the reported values of 13X9^1X9 mm in 538 normal Japanese (38) . RI values were significantly greater in euthyroid GD patients without GO than in normal controls. Furthermore, as shown in Fig. 2 , RI values were correlated significantly in a positive manner with proptosis in these GD patients (r 0X307Y P , 0X05), but not in normal subjects r 0X185Y P 0X161X The solid and dotted lines represent the mean, mean^S.D. and mean^2 S.D. of RI values respectively, on the basis of their proptosis in these 47 GD patients without GO. All of these 47 patients showed RI values within the As shown in Fig. 3 , serum TRAb, which is known as a good indicator for the disease activity of GO (39), was correlated significantly in a positive manner with RI values but not with exophtalmos.
Dependence of RI values in the central retinal artery on thyroid function
As shown in Fig. 4 , RI values in 20 GD patients decreased significantly from 0X719^0X041 in the hyperthyroid state to 0X661^0X051 in the euthyroid state during ATD treatment, but not to the levels 0X642^0X052 observed in the normal subjects having the similar proptosis obtained from the data in Table 1 . By contrast, the mean proptosis values for the 20 GD patients were essentially unchanged from 16X1^2X4 mm to 16X0^2X3 mm after ATD treatment. The fractional reduction of RI values by ATD treatment was significantly correlated with that of stiffness b in the right carotid artery or that of pulse pressure, but not with that of proptosis, FT 3 or FT 4 concentration ( Table 2) .
Correlation of RI values in the central retinal artery with serum markers for vascular injury
Serum von Willebrand factor and factor VIII reduced significantly P , 0X0001 and levels of thrombomodulin tended to reduce, although not significantly, with normalization of thyroid function (data not Figure 2 Relationship between RI values in the central retinal artery and proptosis. The correlation between the two parameters was examined in antithyroid drug-treated euthyroid GD patients without clinically overt GO who had been maintained in a euthyroid state for at least 3 months by taking ,5 mg/day methimazole or 50 mg/day propylthiouracil (upper panel) and in euthyroid normal controls (lower panel). A significant positive correlation was found between RI values and proptosis in euthyroid Graves' patients (r 0X307Y P 0X020Y n 47), but not in normal controls (r 0X185Y P 0X161Y n 70). All 47 GD patients show RI values inside the mean^2 S.D. on the basis of their proptosis. shown). The fractional reductions of these serum vascular injury markers during ATD treatment were not significantly correlated with that of RI values (Table  2) . Serum levels of any vascular injury markers did not differ significantly between patients with and without clinically overt GO, either in a hyperthyroid or an euthyroid state (data not shown).
RI values in the central retinal artery in GD patients with clinically overt GO after treatment with glucocorticoid and orbital irradiation Figure 5 shows the relationship between RI and exophthalmos in GD patients with overt GO and the effect of glucocorticoid and orbital irradiation. The solid line and dotted lines represent the mean, mean^1 S.D. and mean^2 S.D. for RI values in the 47 treated euthyroid GD patients without GO (also as shown in Fig. 2 ). GD patients with overt GO with a ratio of the maximal muscle thickness to the diameter of the ipsilateral optic nerve above 1.9 and less than 1.0 were regarded as having extraocular muscle hypertrophy and adipose tissue enlargement respectively (8) . 
Discussion
The main cardiovascular hemodynamic changes in hyperthyroidism include reductions in systemic vascular resistance and diastolic blood pressure, and increases in heart rate, cardiac contractility, cardiac output, systolic blood pressure, diastolic relaxation, and myocardial oxygen consumption (15, 20) . As a result, cardiac output increases and pulse pressure widens. The increase of RI values in hyperthyroid GD patients was attenuated as thyroid function was normalized by ATD treatment. Furthermore, the fractional reduction of RI values during ATD treatment significantly correlated with those of pulse pressure and of stiffness b in the carotid artery (Table 2) . Therefore, it was strongly suggested that increased peripheral vascular resistance of the central retinal artery, as reflected by an increase in RI value, was caused by overperfusion resulting from increased cardiac output with widened pulse pressure in hyperthyroid state, thus rationalizing the use of RI values as an index of RBF. However, RI values remained significantly elevated in GD patients even 3 months after thyroid function was normalized, suggesting the presence of another mechanism by which RI values were increased. A strong candidate mechanism is inflammation of retro-orbital tissue by autoimmune processes, which are known to be associated with GO. Because retro-orbital inflammation can cause overperfusion of the central retinal artery as in other tissues (39) , it might cause an increase of RI values along with proptosis. These factors may explain the positive correlation between proptosis and RI values in GD patients and the lack of such a correlation in normal subjects. Furthermore, the contribution of retro-orbital inflammation to increased RI values was supported by a significant positive correlation between RI values and serum TRAb, a good indicator for the disease activity of GO (39) . Of 17 GD patients with clinically overt GO, two patients showed RI values for their proptosis greater than the mean 1 2 S.D., whereas two patients had values lower than the mean 2 2 S.D. (Fig. 4) . Because we excluded patients with the other ocular diseases that might affect measurement of RBF, it is possible that the abnormally high RI values may be related to the presence of severe autoimmune congestive inflammatory orbitopathy. This notion is supported by the data that, when GD patients developed clinically overt GO resulting from adipose tissue enlargement but not extraocular muscle swelling (inactive retro-orbital inflammation), they did not show any increase in RI values (Fig. 5) . The abnormally low RI values in some patients could be explained by compression of the central retinal artery often observed in GD patients with GO (40, 41) . Steroid and radiotherapy improved extraocular muscle swelling in clinically overt GO on MRI, an indicator for the disease activity of GO, in spite of little improvement of proptosis, an indicator for the disease severity of GO. These treatments moved RI values of those patients toward the mean values for GD patients without GO. Together with a significant positive correlation with serum TRAb, RI values might be useful for the assessment of the disease activity of GO. Next, in order to evaluate the relationship between RI values and vascular injury, we measured serum markers for vascular injury, including thrombomodulin, von Willebrand factor, and factor VIII, as serum levels of these markers are reported to be higher in GD patients with GO than in those without (42±47). Each marker reflects vascular injury at different sites of endothelial damage. In contrast to the previous reports, none of markers were significantly different between GD patients with and without clinically overt GO either in a hyperthyorid or an euthyroid state. Furthermore, the fractional reductions of serum vascular injury markers during ATD treatment did not correlate significantly with those of RI values, stiffness b or proptosis. Therefore, measurement of serum concentrations of vascular injury markers such as thrombomodulin, von Willebrand factor, or factor VIII, is unlikely to be clinically useful in evaluating GO.
In summary, we have shown that waveform analysis of RBF using duplex Doppler sonography to be a reliable noninvasive technique and that it detected hemodynamic changes in GD patients even without GO. The presence of active GO may specifically contribute to increased RBF, because of: (i) a selective increase of RI values in GD patients having extraocular muscle swelling, but not adipose tissue enlargement; and (ii), a significant reduction in RI values in spite of little improvement in proptosis by glucocorticoid plus retroorbital irradiation. Our findings raise the possibility that this technique represents a clinically useful adjunct to MRI for detection and follow up of GO after normalization of thyroid function in GD patients and possibly for the determination of its activity.
